Objective To assess the predictive value of observed-to-expected lung-to-head ratio (O/E LHR) for survival and chronic lung disease (CLD) in survivors of left-sided congenital diaphragmatic hernia (CDH) in an era of standardized neonatal treatment, and to evaluate the predictive value of the O/E LHR trajectory for survival.
INTRODUCTION
Congenital diaphragmatic hernia (CDH) occurs in approximately 1 in 2200 live births. 1 Although the survival rate has significantly increased to about 70-80%, 2, 3 CDH is still a life-threatening congenital anomaly. 4 Various parameters are related to a worse prognosis like a right-sided CDH, intrathoracic liver herniation, and associated congenital and/or chromosomal malformations. [5] [6] [7] Metkus et al. were the first (1996) who described the predictive value of lung-to-head ratio (LHR) in fetuses with CDH. 8 Because the LHR increases exponentially with gestation in healthy fetuses, 9 the observed-to-expected LHR (O/E LHR) was introduced in 2007 by Jani et al. after a multicenter study in 354 isolated CDH fetuses. 10 Thereafter, several studies have demonstrated that the O/E LHR is a useful predictor of postnatal outcome. [11] [12] [13] [14] In fetuses with left-sided severe CDH (O/E LHR < 25%) and fetuses with moderate CDH (O/E LHR 25-34.9% or O/E LHR 35-44.9% with intrathoracic liver herniation), the benefit of fetoscopic endotracheal occlusion (FETO) is currently being investigated in randomized controlled studies (NCT01240057 and NCT00763737). Groups are based on survival rates according to Deprest et al. 15 and Jani et al., 10 which is the largest study to date. 10 However, in that period, there was still a lack of postnatal standardization of treatment, which has proven to influence postnatal outcome, reaching survival rates up to over 80%. 3 Secondly, in their study, each of the participating centers provided the data. Information concerning inter-observer reproducibility was not available and variability in prenatal ultrasound measurements may have influenced the results. Thirdly, up to date, there has not been a longitudinal evaluation of the O/E LHR per individual patient during pregnancy. From 2008 onwards, all patients born in participating centers of the CDH EURO Consortium have been treated according to a standardized neonatal treatment protocol which was published in 2010 and recently actualized. 16, 17 Subsequent high survival rates might influence validity of the 'original' cut-offs and their value for prenatal counseling. Therefore, we evaluated the predictive value of the prenatally measured O/E LHR on postnatal survival and development of chronic lung disease (CLD), when neonates receive standardized treatment in the two Dutch CDH designated centers with extracorporeal membrane oxygenation (ECMO) availability. Moreover, we performed longitudinal analyses of the O/E LHR measurements per patient during gestation.
METHODS
All patients with a prenatal diagnosis of CDH, born between January 2008 and December 2014, and treated in the Erasmus University Medical Centre, Rotterdam, The Netherlands or the Radboud University Medical Centre, Nijmegen, The Netherlands were included in this observational retrospective cohort study. Because all infants from the Netherlands with a CDH are referred to one of the two CDH centers, this represents a nationwide cohort. Both centers are high-volume centers (defined as >10 CDH patients per year). 18 Exclusion criteria were defined as: right-sided CDH, termination of pregnancy, premature birth <30 weeks gestational age (GA), FETO, and associated major structural or chromosomal anomalies. Because subjects are not being submitted to any handling, nor are there rules of human behavior being imposed, Institutional Review Board approval was waived by the ethical committee of the Erasmus Medical Center, Rotterdam, The Netherlands (MEC-2015-517).
The original ultrasound image of a transverse plane of the fetal chest at the level of the four-chamber view of the heart was retrieved from patient records and used for measurement of the contralateral (right) lung. The lung area was measured by manual tracing of the limits of the lung (mm 2 ), if possible in multiple images per examination and preferably in an image recorded for measurement of lung area. Liver position (intrathoracic or intra-abdominal) was determined by visual assessment in a transversal plane, as well as a coronal or sagittal plane if available. The head circumference (mm) was retrieved from medical records. The O/E LHR was then calculated as described by Jani et al.
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Ultrasound measurements were performed on stored images reloaded on a GE Voluson E8 or E10 system (GE Medical Systems, Zipf, Austria) at the Department of Obstetrics and Gynecology, Division of Obstetrics and Prenatal Medicine at the Erasmus University Medical Centre. The original images where obtained using the GE Voluson 730/E8 system (GE Medical Systems, Zipf, Austria). All measurements were performed by one single operator (N. C. J. Peters) with 5 years of experience measuring the O/E LHR, 20 
Statistical analysis
Patient characteristics were described as numbers (%) for categorical data, or median (interquartile range; IQR) for continuous data because they were not normally distributed. The first measured O/E LHR per patient was selected and used for all analyses, except for the longitudinal analyses for which all measurements per individual patient were evaluated. O/E LHR was compared between survivors and non-survivors, and survivors with and without development of CLD, and comparison between centers using Mann-Whitney tests. Associations between O/E LHR and mortality, and CLD in survivors were evaluated using univariable logistic regression modeling. Multivariable logistic regression analyses with prenatal liver position and O/E LHR as independent variables were then used to evaluate their combined predictive value on survival and development of CLD in survivors. The calibration of the multivariable logistic regression models was assessed using the Hosmer-Lemeshow goodness-of-fit test. The association between O/E LHR and postnatal defect size was evaluated using the Jonckheere-Terpstra test, whereas the association between prenatal liver position and postnatal defect size was evaluated using a linear-by-linear association chi-square test. Multivariable ordinal logistic regression analysis was used to determine the association between postnatal defect size (dependent variable) and the O/E LHR and prenatal position of the liver (independent variables). An univariable logistic regression analysis was performed to assess the association between the gestational age at diagnosis and survival. Receiver operating characteristic (ROC) curves were 
RESULTS
During the study period, 238 CDH patients were born alive with a CDH in one of the two CDH centers in the Netherlands. In 176 (74%) patients, the CDH was prenatally detected. Reasons for exclusion from the study are summarized in Figure 1 . In total, 122 patients with a prenatal diagnosis of an isolated left CDH were included. In the study group, 95 (77.9%) patients survived, and 37 (38.9%) of the survivors developed CLD ( Figure 2 shows the relationship between the O/E LHR and gestational age for each patient, stratified by survival status. There was no significant association between survival and GA at diagnosis (p = 0.30) nor between the first measured O/E LHR and the GA at diagnosis (p = 0.05).
The relationship between O/E LHR and survival, stratified by prenatal liver position in each group is shown in Figure 3 . None of our patients belonged to the extreme CDH group (O/E LHR < 15%). Only one of four patients (25%) with severe Figure 1 Flowchart of inclusion. CDH, congenital diaphragmatic hernia; FETO, fetoscopic endotracheal occlusion; GA, gestational age Figure 3 , 42 instead of 43 patients are in the moderate group and 73 instead of 75 patients in the mild group. Those differences are explained by the fact that in the moderate group for one patient prenatal liver position was unknown, and in the mild group for two patients, the prenatal liver position was unknown.
Univariable logistic regression analysis showed that a lower O/E LHR was significantly associated with mortality and with the development of CLD in survivors ( Table 2) . Multivariable logistic regression analysis with correction for prenatal liver position resulted in the same conclusions and showed that liver position was not of additional value for prediction of outcome ( Table 2) The category of CDH severity based on O/E LHR measurements and prenatal liver position per patient remained stable for 58 patients (79.5%) of the 73 patients with at least two ultrasound measurements during the second and third trimester of pregnancy. In the univariable logistic regression analysis, no differences were found in predictive value of the O/E LHR on survival between the selected group of patients in whom the CDH was detected before 24 weeks of gestational age and the total patient population. Therefore, multiple imputation was performed. Longitudinal analyses of the trajectory of O/E LHR measurements during gestation showed no significant association with survival (p = 0.18).
DISCUSSION
In this nationwide study performed in an era of standardized neonatal treatment, we demonstrated that the first prenatally measured O/E LHR per patient can predict survival in isolated left-sided CDH infants. Survival within the different O/E LHR categories was comparable with data from Jani et al., the largest multicenter study concerning the predictive value of the O/E LHR, 10 when no international consensus in standardization of postnatal therapeutic modalities had been reached and/or had been made available. A lower O/E LHR was significantly associated with development of CLD in survivors. The O/E LHR remained stable over time during gestation. The rationale for the use of O/E LHR is that it provides an indirect assessment of contralateral lung volume, and therefore the likelihood of pulmonary hypoplasia. 25 Adequate prenatal counseling, considering the indication for prenatal treatment (FETO) and expected postnatal prognosis, requires accurate prediction tools. Jani et al. retrospectively evaluated the predictive value of O/E LHR in a multicenter study of 354 isolated CDH patients (of whom 329 left-sided), who were treated without a standardized protocol in a large number of centers with both high-volume and low-volume case load on a yearly base. 18 24 The difference in patient numbers between this figure and the total group is explained by the fact that in the moderate group for one patient prenatal liver position was unknown and in the mild group for two patients the prenatal liver position was unknown [26] [27] [28] [29] [30] The primary aim of our study was to investigate the validity of the currently used O/E LHR for survival in an era of standardized neonatal treatment and quantification of herniated liver tissue was not part of the study design.
We found an AUC for survival of 0.77, which is comparable with previous studies (AUC 0.76 in the study by Jani et al., 10 AUC 0.78 in the study by Ruano et al., 31 and AUC 0.84 in the study by Kehl et al. 32 ). The relevance for clinical practice of the cut-off values based on the Youden index is debatable, because the weight of a possible false positive or false negative prediction has not been taken into consideration Before assigning differential weights to the predictions, evaluation of parents preferences should, however, be further investigated.
In our study, we found a difference in the significance of the association between survival and GA at diagnosis (p0.30) and the association between the first measured O/E LHR and GA at diagnosis (p0.05). This indicates that a higher absolute difference in percentage O/E LHR at a later time during gestation does not immediately result in an overall higher survival. Deprest et al. 15 proposed a division of patients into categories (extreme/severe/moderate/mild). Because our data show that 80% of the patients remain in the same O/E LHR category during the second and third trimester of pregnancy, those categories rather than absolute percentages seem more suitable for prenatal counseling. We found that a lower O/E LHR was significantly associated with development of CLD in survivors. The only studies that have also evaluated the prognostic value of the O/E LHR for the development of CLD 10, 14 found the same result. In addition, we have shown that a lower O/E LHR is associated with a larger postnatal defect size as classified by the Boston scale and these larger defects are associated with the development of CLD in survivors. Therefore, it is likely that prenatally assessed size of the contralateral lung is not only a predictor of mortality, but also for pulmonary morbidity. The strengths of this study are the inclusion of a large cohort of isolated left CDH patients in a relatively short inclusion period who were all treated according to the same standardized treatment protocol including the same ECMO protocols, in addition to standardized prenatal measurements. Because one single experienced operator performed all measurements on stored ultrasound data, inter-observer variability could not have influenced our results. Cruz-Martinez et al. showed that there is a learning curve for performing O/E LHR measurements, which emphasizes the importance of an experienced operator. 20 We used the tracing method to calculate the O/E LHR which was shown to be superior to the anteroposterior diameter method in predicting postpartum survival in isolated left-sided CDH. 21, 32 A limitation of this study may be that, although O/E LHR was measured by one observer, measurements were performed on stored ultrasound images, which may not have been the perfect section of the cross-sectional view of the fetal thorax at the level of the four-chamber view of the heart. However, if an image did not meet the criteria for measurement of the lung area as described by Jani et al., 21 a measurement was regarded as missing.
CONCLUSIONS
In isolated left-sided CDH patients, O/E LHR predicts survival and development of CLD in survivors in an era of a standardized neonatal treatment protocol, and the previously established categories of severe, moderate and mild CDH remain valid. Prenatal liver position ('liver up' vs 'liver down') was not significantly associated with survival nor with development of CLD in survivors after adjustment for O/E LHR.
